INTRODUCTION
In the Amazon region, height-diameter at breast height (H:DBH) models are important because dense forest understory makes it diicult and time-consuming to view the top of the canopy to measure the tree heights. Several H:DBH models have been proposed for old-growth tropical forests for that purpose (Feldpausch et al. 2011; Hunter et al. 2013 ), however, they are scarce for secondary forests (Lucas et al. 2002; Neef and Santos 2005) . For instance, Lucas et al. (2002) used genus-speciic nonlinear models to estimate tree height based on diameter for the most common species from a secondary forest in Manaus (central Amazon). Conversely, Neef and Santos (2005) estimated tree height, and its increments, at stand-level age based on the BertalanfyChapman-Richards model in a secondary forest in Santarém (eastern Amazon). Other models related to H:DBH include the logistic, Weibull, and Richards models (Fang and Bailey 1998; Huang et al. 2000) .
he choice of the best model, however, depends on the relation between tree height and DBH, which, in turn, can be associated with physical and biological factors at tree-and stand-level (Poorter and Bongers 2006; Weiskittel et al. 2011). At tree level, H:DBH scaling may be represented by the stemform factor, which can be indicative of the tree's position within the forest stand (Weiskittel et al. 2011) . he stem-form factor is deined as the ratio of the volume of a tree, or its part, to the volume of a cylinder with the same size (height) and cross section (DBH). herefore, the tree may present a conical or cylindrical shape depending on its stem-form factor. For example, dominant trees often have a DBH greater than 30 cm, enjoy favorable light conditions, and have cylindrical shapes (Assmann 1970) . In these trees, the scaling exponent between H and DBH is equal or similar to two-thirds, and the allometry assumes an elastic similarity model (Norberg 1988) . Meanwhile, most sub-dominant and pioneer species follow a geometric similarity model (H:DBH scaling = 1.0), i.e., the trunk diameter will scale in direct proportion to the tree height (Sposito and Santos 2001). However, when H:DBH scaling ~2.0 there is a constant stress model, which is commonly caused by wind or other stresses (Sposito and Santos 2001) .
At stand level, tree growth depends on forest structure, dominance type, tree density, species composition, and site environmental conditions (Weiskittel et al. 2011) . herefore, tree growth rate and H:DBH scaling are influenced by environmental conditions and functional traits at both tree and stand levels (Selaya et al. 2008; Chazdon 2014) . Sites with nutrient-rich soils and favorable climate conditions promote fast tree growth; pioneer species seek these resources in order to quickly colonize newly deforested areas (Chazdon 2014) . he tree-height growth is highest at sites with better quality of environmental conditions, even though the maximum increase could be reached at the same age in poor sites (Weiskittel et al. Diferent species make use of distinct strategies to reach sunlight, promoting fast or slow growth, depending on resource availability and plant physiology (Poorter et al. 2012) . In Amazonian secondary forests dominated by Cecropia sp. and Vismia sp., the pioneer species showed fast growth and aboveground biomass (AGB) accumulation, reaching 110-115 Mg ha -1 during the irst 10-15 years (Lucas et al. 2002) . As a strategy, these pioneer species intercept more light per unit leaf mass to support their fast growth than late successional species, contributing to the eicient conversion of mass to height (Selaya et al. 2008) . To maintain rapid growth, pioneer species also present high leaf turnover in the upper-canopy, forming a monolayer leaf arrangement that covers bare soil. In contrast, these species need to form slender stems with low wood density to support such accelerated tree growth, which inevitably reduces their life span (Poorter and Late successional tree species are characterized by lower growth rates, resulting in the requirement for greater wood densities to support larger canopies and to reduce the risk of hollow stem formation (Poorter and Bongers 2006). hese species are generally taller and long-lived when compared to pioneer species, although the photosynthetic rate by leaf mass is smaller (Chazdon 2014) . herefore, carbon assimilation by long-lived late successional species is lower and more persistent compared with short-lived pioneer species (Santiago et al. 2004) . Such diferences in vertical growth among species have signiicant implications for AGB accumulation in tropical forests (Feldpausch et al. 2011; Feldpausch et al. 2012 ). Tree height is highly variable in the Amazon forest, therefore it is important that this parameter is included in equations to estimate tree AGB more accurately (Lefsky et al. 2010; Chave et al. 2014; Sawada et al. 2015) . Feldpausch et al. (2011) observed a tree height gradient from northeast to southwest Amazon, with the tallest trees in the Guiana Shield and the shortest in the southern Amazon. By including tree height in the AGB models, biomass estimates errors were consistently reduced from 66 to 48 Mg ha -1 from the eastern-central to the western Amazon, respectively (Feldpausch et al. 2012) . Furthermore, the AGB of the Brazilian Amazon is often estimated by applying allometric equations generated from only primary or old-growth forest species, which may lead to overestimation (by 10-60%) when applied for AGB secondary forest trees (Nelson et al. 1999) .
In this study, we hypothesized that there are signiicant diferences in H:DBH relationships among ecological species groups, i.e., pioneer, early, and late secondary species. We also expected to ind signiicant diferences between groups of ecological species across the study sites owing to diferent environmental and climate conditions. It has been reported that maximum tree heights at stand level vary among primary forests across the Amazon (Feldpausch et al. 2011 (Feldpausch et al. , 2012 Lefsky et al. 2010) ; however, it is unclear whether these diferences also occur over secondary forests. For this investigation, we evaluated ive commonly used H:DBH models adjusted to diferent ecological species groups occurring in two sites, with the aim of improving tree height estimation in secondary forests in the Brazilian Amazon.
MATERIAL AND METHODS

Study area and data
his study was carried out at two sites in the Brazilian Amazon: Manaus (Amazonas State) in the central Amazon region, and Santarém (Pará State) in the eastern Amazon region. At the Manaus site, the sampling plots were chosen on either side of the BR-174 highway, 70 km to the north of the city of Manaus. At the Santarém site, the sampling plots were chosen close to the Tapajós National Forest (FLONA Tapajós) on either side of the BR-163 highway, 100 km to the south of the city of Santarém (Figure 1 ).
According to Chave et al. (2005) , both study sites are classiied as 'moist forest', with less than 5 months averaging < 100 mm month In both study sites, only advanced secondary forests (age > 16 years) were measured in a 60 × 100 m nested plot. All sampling plots were randomly selected based on the age of the secondary forest and on land-use history (period of active land use and frequency of land clearance), assessed through the analysis of extensive Landsat sensor time-series data (Carreiras et al. 2014) . Field measurements were conducted during August 2014 in Manaus (23 plots) and September 2015 in Santarém (16 plots) ( Figure 1) as part of the REGROWTH-BR project (Carreiras et al. 2014) .
All trees with a DBH (at 1.3 m height) greater than or equal to 5 cm were measured within a 10 × 100 m plot. Trees with a DBH ≥ 10 cm were measured within a 20 × 100 m plot, and trees with a DBH ≥ 20 cm were measured within a 60 × 100 m plot. All trees were identiied botanically to species level or marked as unknown (three cases; see Supplementary Material, Table S1 ).
Trees were randomly selected and heights were measured at each nested plot (circa 25 Table S1 ). he formal Mann-Whitney U test was used to compare diferences between wood densities among the three ESGs. he Bonferroni correction for pair-wise Mann-Whitney U test alpha was /3 = ~0.0167. herefore, we used median wood density thresholds to assign a species to a speciic ESG when the previous classiication was not found in the literature, e.g., pioneers ≤ 0.5 g cm -3 , 0.5 g cm -3 < early secondary ≤ 0.59 g cm -3 , and late secondary < 0.74 g cm -3 . Height and DBH data from 1,178 individual trees ranging from 5-70 cm in diameter, corresponding to 188 species and 52 families, were collected during the ield campaign: 529 individuals in Manaus and 649 in Santarém. Before adjusting H:DBH models, the data were stratiied by ecological species and study site, and then split into two subsets: the training subset (80%) for model itting, and the remainder (testing subset) for model validation (Table 1) . he H:DBH ratio was evaluated by study site using the Mann-Whitney U test to support a priori any diference in tree architecture (Feldpausch et al. 2011) . he Mann-Whitney U test was performed using the R statistical program (R Development Core Team 2008). Table 2) . Only H:DBH models with up to three parameters were selected in order to avoid problems with over-parameterization in nonlinear regression estimation, as reported by Fang and Bailey (1998).
Model selection and comparison of itted models
To select the most suitable model, we compared the ability of these ive allometric models to predict tree height at each ESG by study site. he nonlinear least squares (nls) command from R was used to estimate the parameters in all nonlinear models (Bates and Watts 1990) , and the ordinary least squares (lm) command in the case of the log-linear model (m1).
he following statistics were used to select the best models in terms of goodness-of-it using the training subset (Motulsky and Christopoulos 2003): (i) absolute and relative root mean square error (RMSE); and (ii) Akaike information criterion (AIC) weights (Wagenmakers and Farrel 2004) . he relationship between standardized residuals and predicted height was evaluated visually through scatterplots in each model to account for heteroskedasticity. Additionally, a formal Breusch-Pagan test against heteroskedasticity (Neter et al. 1996) was performed using the lmtest package in R.
Model validation and presence of outliers
Prediction bias was calculated by subtracting the predicted height from the observed height (measured) using the testing subset. A null hypothesis, whereby the bias is equal to zero, was tested by t-test, with = 0.05 signiicance level. herefore, the root mean square error of prediction (RMSEP) was calculated by Eq. . he irst term in Eq. (1) is relative to the average prediction bias and the second term refers to the variance-bias, which in turn, is related to the spread of points around the mean prediction.
he presence of outliers was evaluated in both training and testing subsets using outlier in the "outliers" package of R program. he presence of outliers was veriied by observing the spread of the residuals. If conirmed, the model selection and validation were iteratively repeated to improve model itting. his process was performed twice with removal of 19 outliers from the analysis, including the training and testing subsets.
We arbitrary attributed a descending rank order to choose only one model based on highest AIC weight: value 5 for the best model (highest), and 1, for the worst (lowest). he best ranked itted model (sum of rank values) was then used to analyze diferences between ESG and study sites using an indicator regression approach. Table 1 . Summary of the training and validation datasets (in parentheses) by study area and ecological species groups (ESG). N = number of trees, min = minimum, max = maximum, SD = standard deviation, DBH = diameter at breast height, P -pioneers, ES -early secondary, LS -late secondary. 1996) . he indicator variable, or dummy variable, is an artiicial variable created to represent an attribute with two or more distinct categories/levels, which, in our case, was represented by a study site or a speciic ESG (Neter et al. 1996) . In the full model, the indicator variable could only take the values 0 and 1, corresponding to each study site or ESG, and the reduced model was itted using the whole dataset without the indicator variable. However, to avoid over-parametrization of the full models, the ANOVA F-test was performed to compare each pair of ESGs per study site, because the diference in parameter estimation may be caused by only two or more indicator variables involved in the analysis, and this method reduces the number of parameters whilst retaining validation of the nested approach (Huang et al. 2000) .
For instance, if the response function was modeled by the loglinear model between pioneers and early secondary forest species, the full-model of H:DBH would have three parameters (Neter et al. 1996) [Eq. (2): h = a+b log (DBH)+c G1 log (DBH)+ ; where a and b are log-linear parameters, c represents the parameters related to indicator variable, and is the regression error; G1 refers to the indicator variable of a speciic ESG (pioneer or early secondary)]. In this case, the reduced model has only two parameters (a and b). Considering that the response function (2) is for pioneers for which G1 = 0, then the model would take the form: h=a+b log(DBH). If the response function is for early secondary species for which G1 = 1, then Eq. (2) would take the form: h = a+b log(DBH)+c G2 log(DBH), and so on. Similarly, the analysis can be performed with all nonlinear models described in Table 1 , and with all other ESG pairs or study sites.
he equality of the two models was tested by considering the null hypothesis, H 0 , whereby indicator parameters in the full model are equal to zero, against the alternative hypothesis, H 1 , whereby at least one parameter difers from zero using the F-test according to Motulsky and Christopoulos (2003) . ANOVA F-test was performed in R (R Core Team 2008) with a 0.95 conidence level.
Finally, we estimated the relative growth height rate (HGR) by taking the derivative of the selected model by its diameter. he itted curves for relationships between HGR and H:DBH were provided.
RESULTS
Ecological species groups
Median differences in wood density between ESG pairs differed from zero (Mann-Whitney U test: W = 64, p < 0.016), suggesting that wood density values could be used to separate species groups. hen, we used median wood density to assign species into an ESG when these were not available in the literature (in this case 22 of 323 species collected, Supplementary Material, Table S1 ).
Wood density outliers, marked with an open circle in , late secondary species) in Manaus. In Santarém, outliers were represented by high wood density of Neea oppositifolia Ruiz & Pav. (0.89 g cm -3 , pioneer species) and Sloanea nitida G. Don. (0.96 g cm -3 , early secondary species), and low wood density of Jacaratia spinosa (Aubl.) A.DC. (0.14 g cm -3 , early secondary species). ) by ecological species groups: (P) pioneer, (ES) early secondary, and (LS) late secondary species in secondary forests. 8 m) , p < 0.001. his indicates that the H:DBH relationship followed a diferent distribution at each study site, considering that forests at both study sites are of similar average age (circa 23 years after clear cut).
Models' goodness-of-it
Two-parameter models showed the best goodness-of-it given by the sum ranked order of the lowest AIC (Table 3) : hyperbolic model (sum of 21 points) and log-log model (19 points). he monomolecular model (18 points) also had a low AIC among the three-parameter models. All regression parameters were signiicant at = 0.05 for all models, with the exception of the Weibull model for early secondary species in Manaus, the Chapman-Richards model for early secondary species in Santarém, and for late secondary species in Manaus (Table 3) . Table 3 . Fitting statistics of the tested H:DBH models by ecological species groups and study area. RMSE and RMSE are the absolute and relative root mean square error, respectively. RMSEP is the RMSE of prediction. R is the value of the rank order based on the lowest wiAIC (in bold). wiAIC -weights of Akaike information criterion; BP -Breusch-Pagan test. *Non-signiicant parameters for alpha = 0.05. NC -do not converge.
Model
Regression The visualization of standardized residuals against predicted height showed the absence of heteroskedasticity (Figure 3) , which further supports the non-signiicant results of the Breusch-Pagan test (Table 3) . he residuals were drawn only for the selected hyperbolic model.
Based on the ranked model (Table 3 ), the hyperbolic model (m3) presented satisfactory results for all ESGs without being the best for a speciic ESG. he prediction error of the hyperbolic model extended from RMSEP = 1.75 to 3.11 m ( Table 3 ). Considering that bias is close to zero by the null hypothesis, we did not reject H 0 in any of the ESG cases, meaning that the average bias was equal to zero with d fF (n-1) degrees of freedom. Because the mean bias was not signiicantly diferent from zero in all models itted by a one sample t-test (p > 0.05), variance of prediction was a large source of error. In general, the hyperbolic model performed well, although it overestimated tree height above 20 m, independent of age, as this seems to be the height at which this model begins to consistently underestimate values (Figure 4) .
Comparison of H-DBH models by study site and ESG
he null hypothesis was not rejected for the ESG 2-3 pair (early secondary and late secondary species) at both study sites ( Table   4 ), suggesting that parameters c and d from the full models were diferent from zero in these cases (p > 0.05). Based on the results of the paired F-test, and the estimated parameters of the full model, we concluded that secondary species (early and late) had a similar H:DBH relationship in both study sites, hereafter grouped into one class, while pioneer species belonged to another class.
We compared the diferences in the H:DBH relationships of these new groups (pioneers and secondary species) by study site, in order to determine whether tree growth was also inluenced by geographic location. A clear diference in the H:DBH relationship between pioneer and secondary species from Manaus and Santarém by statistical inference ( Figure 5 . Table 4 . Fitted parameters of the full (F) and reduced (R) hyperbolic model by ESG pairs. CI = 95% conidence interval, as shown in parentheses. SSE (F) and SSE (R) are the sum of square error for full and reduced models, respectively. a, b, c, and d are the parameters. ESG-Pair (ecological species group pairs): 1-2 (pioneers-early secondary species), 1-3 (pioneers-late secondary species), 2-3 (early-late secondary species). 
ACTA AMAZONICA
Height growth by site and species groups
The hyperbolic model was relatively easy to fit, achieved good validation results, and was meaningful in terms of the biological interpretation of its parameters. In this function, a represents total height at maximum DBH (asymptote), and b is the DBH when tree height reaches half the asymptote. hus, a irst derivative of the hyperbolic model allows us to obtain the absolute rate of height growth by DBH unit [Eq. Table 5 . Fitted parameters of full (F) and reduced (R) hyperbolic models by study area for pioneer and secondary species. CI = 95% conidence interval, as shown in parentheses. SSE (F) and SSE (R) are the sum of square error for full and reduced models, respectively. a, b, c, and d are the parameters. . Pioneer species in Manaus exhibited fast growth in the irst years; this was around 30% higher than that observed in Santarém ( Figure 5 ). However, later in life, they had about 50% smaller HGR than pioneers in Santarém (DBH = ~40 cm).
DISCUSSION
he hyperbolic model presented the best validation results among the most common models. We found statistical diferences between pioneer and secondary species for H:DBH relationships, but not between early and late secondary species. hese diferences were consistent across sites, probably due to environmental and climate conditions. he HGR presented distinct behavior among ESGs and between sites.
Model selection for goodness-of-it comparison
According to Fang and Bailey (1998), diferent H:DBH models with the same number of parameters usually result in similar goodness-of-it when the nonlinear least square method is used on the same data set. Feldpausch et al. (2011) observed that log-log models (two parameters) were the most suitable for estimating tree height in dry and wet forests, with no trend observed in their residuals by diameter class. Asymptotic functions with three parameters, such as the Weibull model, provided good estimates of ecologically meaningful H max in moist forests (Feldpausch et al. 2011) . Conversely, when one or two parameters are introduced in the model (e.g., three or four parameters instead of two), biological interpretation of parameters may be lost (Fang and Bailey 1998). Convergence could not be attained as easily as when using the Weibull and Chapman-Richards models (Table 3) .
In this study, the hyperbolic model was found to produce the most satisfactory it among the tested models, which was consistent with previous studies that also satisfactorily tested this model for adjusting H:DBH relationships (Fang and Bailey 1998; Huang et al. 2000). Nevertheless, due to the adjusted asymptote being close to 40 m for secondary forest trees, the hyperbolic model tended to underestimate the height of large trees, therefore its application in old growth forest should be avoided.
Separating H:DBH models by study site and ESG
Statistical diferences were found between study sites in H:DBH relationships. Considering that the secondary forest plots were at a similar age (~23 years), the most important local factors inluencing H:DBH relationships are the stand density, basal area, and species composition (Gómez-García et al. 2016). Basal area and stand density are the irst parameters to reach similarity in mature forests (within 20-40 years), while similarity in species composition can take longer ( ). Such diferences are probably due to primary forests from Santarém having larger trees with DBH > 60 cm than Manaus primary forests (Vieira et al. 2005), increasing both the average basal area and the mean canopy height, which is not observed in secondary forests.
Some climatic variables, such as greater annual precipitation, shorter dry season length, and greater mean annual air temperature, could be drivers of greater relative tree growth in central Amazon secondary forests (Malhi et al. 2004) . From a hydraulic perspective, it would be expected that, for a given DBH, trees would be shorter with increasing water deicit. Hence, the application of H:DBH models from the moderately seasonal central Amazon may overestimate tree height in the dry forest, and underestimate it in the wet regions (Malhi et al. 2004 ).
Regarding ESG-speciic H:DBH models, pioneer and secondary species may be regarded as diferent groups at our study sites. Although pioneer species grow faster than late successional species (Selaya et al. 2008), we found a diferent behavior in pioneer species in Santarém. In this study site, pioneer species showed similar behavior to early secondary species, which can be supported by interpretation of the magnitude of the conidence intervals of the regression parameters in Table 4 .
Pioneer species were prevalent in Manaus with regard to their importance in species composition (% of total species number), and their relative coverage (by summing relative density and dominance in the stand level). In Manaus, pioneer species comprised 33% of species richness, and 52% of the total stand trees, while in Santarém, they represented 29% and 39%, respectively. he monodominance of pioneer species such as Cecropia spp. and Vismia spp., which form a monolayer canopy arrangement, may prevent the recruitment of taller and later secondary species in Manaus (Lucas et al. 2002) . VOL. 48 (3) 
CONCLUSIONS
Among the models tested, the hyperbolic model presented the best performance for estimating tree height through diameter measured for secondary forests located near the cities of Manaus (central Amazon) and Santarém (eastern Amazon). In addition, we presented an alternative method of analyzing the height-diameter (H:DBH) relation of secondary forests species, separating them by ESGs. he results suggest that pioneer and secondary species belong to distinct groups in terms of H:DBH relationships, and that tree height growth difers between both study sites. Pioneer species from Manaus showed rapid tree height growth at low DBH compared with secondary species, while in Santarém the opposite trend was observed. We showed that separate H:DBH models are required to achieve more accurate predictions of tree height in secondary forests in Manaus and Santarém. hese new H:DBH models are essential to provide improved estimation of tree height in secondary forests, as required for carbon stock estimation (Chave et al. 2014; Poorter et al. 2016 ). 
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